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Materials and experimental methods
Sequences of the mRNA and probing DNAs. All of the mRNAs and DNA probes are purchased from IDTDNA (Integrated DNA Technologies). The sequence of the mRNA containing the GA7G motif was 5′-Bio-C AAC UGU UAA UUA AAU UAA AUU AAA AAG GAA AUA AAA AUG UUU GAA AAA AAG UAC GUA AAU CUA CUG CUG AAC UC-3′; the mRNAs containing the GGA6G and the GA3GUA2 (NS) motifs were the same as above except the replacements of GGA AAA AAG and GAA AGU AAG at the slippery sites, respectively; and the mRNA containing the dnaX stem loop was: 5′-Bio-GU UAA UUA AAU UAA AUU AAA AAG GAA AUA AAA AUG UUU GAA AAA AAG UAC GUA CCG GCA GCC GCU ACC CGC GGC GGC CGG UUG GUC UAC G-3′. The slippery motifs and the stem loop structure are underlined. Bio: biotin functionalized.
The sequences of the probing DNAs were as follows:
P15a: 3′-G CAT TTA GAT GAC GAG AAC TC/TEGBio/-5′; P14: 3′-CAT TTA GAT GAC GAG AAC TC/TEGBio/-5′; P13: 3′-AT TTA GAT GAC GAG AAC TC/TEGBio/-5′; P12: 3′-T TTA GAT GAC GAG AAC TC/TEGBio/-5′; P18: 3′-C ATG CAT TTA GAT GAC GAG AAC TC/TEGBio/-5′; P15b: 3′-T TTA GAT GAC GAC TTC TCG AA/TEGBio/-5′; P15c: 3′-A GAT GAC GAC TTG AGG AAC TC/TEGBio/-5′; SLP15a: 3′-GCA TGG CCG TCG GCG TAC CCG/TEGBio/-5′; SLP15b: 3′-CCG TCG GCG ATG GGC/TEGBio/-5′. The bases in bold are complementary bases with the mRNA. TEG: linker molecule (Integrated DNA Technologies). The probes were designed so that the ribosome complexes always formed 12-15 bp duplexes with the probes for optimal force resolution.
All other reagents were purchased from Sigma-Aldrich.
Formation of Pre 1 ribosome complex. All of the mixtures are in TAM10 buffer: 20 mM tris-HCl (pH 7.5), 30 mM NH4Cl, 70 mM KCl, 5 mM EDTA, and 7 mM BME (2-mercaptoethanol). Five mixtures were prepared: ribosome mix, TuWG mix, Tu0G mix, A mix, and A-Lys mix. The details are as follows. The ribosome mix contained 1 µM ribosome, 1.5 µM of IF1, 2, 3, 2 µM of mRNA, 4 µM of charged fMet-tRNA f Met , and 4 mM of GTP. The TuWG mix contained 6 µM EFTu, 3 µM EF-G, 4 mM GTP, 4 mM PEP, and 0.02 mg/ml Pyruvate Kinase. The Tu0G mix contained no EF-G but all the rest components in TuWG. The A mix contained 100 mM Tris (pH 7.8), 20 mM MgAc2, 1 mM EDTA, 4 mM ATP, 0.1 mg/ml total synthetase, 50 A260/ml total tRNA, and 0.25 mM of phenylalanine, glutamic acid. The A-Lys mix contained 100 mM Tris (pH 7.8), 3 20 mM MgAc2, 1 mM EDTA, 4 mM ATP, 0.1 mg/ml total synthetase, 2 A260/ml tRNA Ly s , and 0.25 mM of lysine.
The five mixes were incubated at 37 ºC for 25 min. The ribosome, TuWG and A mixes were mixed with 1:2:2 ratio and then incubated at 37 ºC for 15 min. The resulting ribosome complex was purified via 1.1 M sucrose cushion. The ribosome complex was then incubated with the ALys and Tu0G mixes at 37 ºC for 2 min to form Pre1. Pre1 was then purified via 1.1 M sucrose cushion.
Formation of Post 1 ribosome complex. The Pre1 (1 µM) was incubated with an EF-G solution that contained 2 µM EF-G, 4 mM GTP, 4 mM PEP, and 0.02 mg/ml Pyruvate Kinase at 37 ºC for 30 min. Post1 was purified via 1.1M sucrose cushion.
Formation of Post 2 ribosome complex. The Post2 was formed by incubating Post1 (1 µM)
with A-Lys and TuWG mixes in the ratio of 1:2:2 at 37 ºC for 30 min. Post2 was purified via 1.1M
sucrose cushion.
Formation of Post 3 ribosome complex. Three different tRNA solutions were prepared: A-Tyr, A-Val, and A-Ser. All three solutions contained 100 mM Tris (pH 7.8), 20 mM MgAc2, 1 mM EDTA, 4 mM ATP, 0.1 mg/ml total synthetase, 50 A260/ml total tRNA, and 0.25 mM each of phenylalanine, glutamic acid, and lysine. The A-Tyr, A-Val, and A-ser also contained 0.25 mM tyrosine, valine and serine, respectively. Each one of these tRNA solutions was incubated with the ribosome mix and TuWG mix in the ratio of 2:1:2, and incubated at 37 ºC for 30 min. The resulting Post3 complexes were purified by 1.1M sucrose cushion.
Formation of Pre_NS 1 and Post_NS 1 ribosome complexes. These complexes were prepared similarly as Pre1 and Post1, except the A-Lys mix is replaced by A-Ser mix to incorporate serine instead of lysine at the non-slippery codon.
Formation of Post_CGC 1-2 ribosome complexes. These complexes were prepared in one step from the initiation complex in the presence of phenylalanine, glutamic acid, lysine, and without and with arginine for Post_CGC1 and Post_CGC2, respectively.
Formation of Post_GGA 1 and Post_SLP 1 ribosome complexes. These complexes were similarly as Post1, which were generated by translocation of their corresponding Pre1 complexes.
Formation of Post_GGA 2-3 and Post_SLP 3 ribosome complexes. These complexes were prepared in one pot from the initiation complex, but were stopped at the corresponding codons.
One tRNA solution was prepared containing: 100 mM Tris (pH 7.8), 20 mM MgAc2, 1 mM EDTA, 4 mM ATP, 0.1 mg/ml total synthetase, 50 A260/ml total tRNA, and 0.25 mM each of phenylalanine, glutamic acid (or glycine), lysine, and tyrosine or valine. The tRNA solution was incubated with the ribosome mix and TuWG mix in the ratio of 2:1:2, and incubated at 37 ºC for 30 min. The resulting Post-complexes were purified by 1.1M sucrose cushion. A mechanical force is applied to the sample by using a centrifuge. The sample magnetic signal is measured again after applying the force. If the force reaches the dissociation force of the DNA-mRNA duplex, a sharp decrease in the magnetic signal will be observed, because the dissociated DNA will be removed from the sample.
Probing scheme in Figure 1c . The dissociation forces of DNA-mRNA duplexes will initially increase for longer DNAs; then it will remain constant when the probes reach the ribosome front because the mRNA has no more available nt to pair with the DNA. For example, P13 (13 complementary nt with the mRNA) will form 13-bp duplexes with both Post1(-1) and Post1(-2), while P14 (14 complementary nt with the mRNA) will form 13-bp duplex with Post1(-1) but 14-bp duplex with Post1(-2). Therefore, the appearance of a higher dissociation force from using P13 to P14 will unambiguously reveal the presence of Post1(-2). Similarly, all ribosomal positions can be precisely determined.
Toe-printing assay. The mRNAs for toe-printings were transcribed and purified in vitro using were loaded on HisTrap HP 5 ml column (GE Healthcare Life Sciences). The His-tagged proteins were eluted via imidazole gradient and concentrated with Amicon Ultra filter (EMD Millipore). Typically, 500-1000 pmol of the 8.5 kDa protein was isolated ( Figure S5 ). There was no significant yield difference comparing the different constructs, implying the frameshifting yield was high. However, the efficiencies could not be precisely determined because the proteins in the other reading frames were not detected on the gel.
To express the mCherry protein, the sequence with His6 tag was ordered from IDTDNA and inserted in the "-2" reading frame after the slippery site to replace the codons in construct II.
All the other operations were the same except the induction time was 6 hours instead of 1 hour.
In vitro mRNA translation with PURExpress kit. The DNAs containing the sequence "T7
promoter" + "ATG TTT GAA AAA AAG" + "XX" + "mCherry " ("XX" are the variations in Table   S1 ) were ordered from IDTDNA and transcribed into mRNA with the HiScribe T7 Quick High 7
Yield RNA Synthesis Kit (NEB). The mRNAs were purified with PureLink RNA Mini Kit (Ambion). The qualities of the mRNAs were confirmed by RNA Gels and 5 μg of the mRNA were used for one protein synthesis reaction with the PURExpress in vitro Protein Synthesis Kit (NEB). The mCherry incubation solutions were directly read with the Spectra-Max M5 platereader, with excitation/emission wavelengths at 584nm/612nm, respectively. Because the incubation conditions were exactly the same, the frameshifting efficiencies were compared directly from the fluorescence reading after subtracting with the background.
8 Table S1 . Design of the recombinant protein constructs. a. "-" indicates null.
b. Red sections indicating the His6 tags in "-2", "-1", and "0" frame, respectively.
c. The protein sequence refers to the peptide translated from the AUG codon at the beginning of the mRNA. when CGC replaced the AAG in the GA7G motif. The appearance of only 12-bp dissociation force in both Post_CGC1 and Post_CGC2 showed that only the "0" frame products existed in the first two translocation steps. e, f. Scheme and results for the GA7G motif coupled with the stem loop. The Post_SLP3(0) trace showed ~40% 12-bp duplex and 60% 15-bp duplex. The former was the desired "0" frame product. The latter was the unreacted Post_SLP2(-1). This is because only the amino acyl tRNA corresponding to the "0" frame was present. Similarly, the Post_SLP3(-1) contained ~60% the desired 12-bp duplex, and the remaining 40% unreacted Post_SLP2(0). The "-1" frameshifting percentage was similar to that in Post-SLP1 (Figure 2f ).
13 Figure S5 . In cell translational frameshifting verified by sequencing. a. The SDS-PAGE image of the recombinant proteins (all the expected sequences shown in Table S1 ). The 8.5 kDa proteins migrated near the 10K marker. b. Edman sequencing of the 8.5 kDa protein in construct I. c. Edman sequencing of the 8.5 kDa protein in construct II. The signal is the differential value of the amino acid intensities of the current cycle minus the previous cycle; therefore for the two consecutive lysine residues, the second signal was near zero. a. The SDS-PAGE image of the recombinant expression of mCherry protein after the FPLC purification. The ~30 kDa protein was visible without staining. Lanes 2, 4 and 6 showed the mCherry expression was dependent on IPTG induction; and lanes 3, 5 and 7 showed no protein expression with the empty vector. b. Edman sequencing of the mCherry protein, which shows that the peptide in the "-2" frame was translated.
16 Figure S8 . Overlaying FIRMS profiles of Post1 probed by P15a and Post2 probed by P15b. The overlapping profiles showed that the reading frame distribution was probably preserved in the second translocation step. In other words, normal translocation proceeded in the second translocation step, in contrast to the "-1" and "-2" frameshiftings occurred in the first translocation step. Figure S9 . Formation of the "0" frame ribosome complex prior to Post3(0). a. Detection scheme.
Probing DNA P15b was used to distinguish the different reading frames following the second translocation step. The "0" reading frame, in the form of either Post2(0) or Pre3(0), will be shown as 12-bp duplex. b. FIRMS profile. The main product is 12-bp duplexes, indicating the presence of the "0" reading frame.
